Continuous attractor network models provide a mechanistic framework explaining 32 how the HD signal is generated (Skaggs et al., 1995; Redish et al., 1996; Zhang, 1996) . 33 In these models, neurons are allotted positions in a circle according to their preferred 34 firing direction. The connectivity between neurons depends on their relative position. 35 While neighboring cells with similar preferred HD excite each other, distant cells tend 36 to inhibit each other. This connectivity leads to the emergence of an activity packet 37 which represents the moment-to-moment HD of the animal. These models predict that 38 preferred HD differences between HD cells never change because the connections 39 within the network are immutable. 40 Most empirical data support attractor network models of HD cells. For example, 41 rotation of a peripheral visual landmark in an environment causes an equivalent rota- Numbers indicate peak firing rates and preferred HD during vp1 and vp2 trials. Middle: preferred HD of the same cells during individual 2-min trials. Changes in preferred HD were often readily visible on a single trial basis. Right: observed change in preferred HD between vp1 and vp2 trials (red line) and distribution of preferred HD changes when trial labels were reassigned randomly. b, Examples of two HD cells with different HD selectivity during vp1 and vp2 trials. Left: HD tuning curves during vp1 (black) and vp2 (blue) trials. Numbers indicate peak firing rates and HD scores during vp1 and vp2 trials. Middle: HD scores of the same two cells for individual trials. Right: observed difference in HD score between vp1 and vp2 trials (red line) and distribution of HD score differences when trial labels were reassigned randomly. c, Distribution of shifts in HD preference between vp1 and vp2 for all HD cells (red). Inset: the median of observed shifts (red line) with the distribution expected by chance (gray). d, Same as c but for changes in HD score between vp1 and vp2. in preferred direction, v = 127, P < 10 -15 ; change in HD score, v = 4, P < 10 -16 ). Cell-4). Some of these tuning curves were similar to those previously reported for the 187 retrosplenial cortex (Jacob et al., 2017) , but the two peaks were not always at an 180 
325
These results indicate that the reorganization of firing associations was specific to non-326 rhythmic HD cells.
327
We also tested whether visually-driven reorganization between HD cells can be 328 predicted based on their synchronous activity at theta frequency. We obtained power 
Materials and Methods

470
The raw data (spike trains, position data and histology) together with the com-471 puter code of this study will be freely available on digital repositories upon publication.
473
Subjects
474
The subjects were nine 3-6 month-old male wild type C57BL/6 mice. They were 
566
The number of spikes falling within the same bins were then divided by the occupancy 567 vector to obtain the firing rate for different HDs. The firing rate vectors were smoothed 568 with a Gaussian kernel (standard deviation of 10 • ).
569
Firing rate maps were generated by dividing the square platform in 2 x 2 cm bins.
570
The time in seconds spend in each bin was calculated and this occupancy map was HD occupancy probability at every bin of the firing rate map. The predicted HD tuning 591 curve was defined as follows:
where R P was the firing rate in one bin of the firing rate map and T P (θ) was the time 593 spent facing HD θ in that bin. A distributive ratio, DR, was then calculated to estimate 594 the similarity between the observed and predicted HD tuning curve:
where N was the number of bins in a HD tuning curve. tions were used as significance thresholds.
612
Spatial selectivity was measured using a sparsity score, adapted so that high 613 scores reflected high sparsity:
where N was the number of bins in the firing rate map, p i and λ i were the occupancy 615 probability and firing rate in bin i, respectively. Significance levels for sparsity score 616 were obtained with the same shuffling procedure as for grid scores.
617
The firing rate modulation by running speed was estimated using the speed score Theta oscillations were detected using one wire of every tetrode. The signal was 682 bandpass filtered at delta (2-4 Hz) and theta (6-10 Hz) frequencies and the power of the 683 filtered signals (root mean square) was calculated in non-overlapping 500 ms windows.
684
Windows with a theta/delta power ratio larger than 2 were defined as theta epochs.
685
Individual theta cycles within theta epochs were identified using the bandpass filtered . Asterisks indicate significant difference in scores between HD and grid cells (blue), and HD and other cells (black). f, HD scores, peak and mean firing rates for HD cells (paired Wilcoxon signed-rank test, n = 93, HD score: V = 2015, P = 0.52; peak firing rate: V = 2267, P = 0.76; mean firing rate: V = 2234, P = 0.85). g, Average running speed (left) and average head angular velocity (right). Magnitude of changes between the two trial types was small (paired Wilcoxon signed-rank test, n = 68 recording sessions containing HD cells, median running speed, vp1: 13.7 cm/s, vp2: 13.8 cm/s, V = 788, P = 0.02; median head angular speed, vp1: 73.0 deg/s, vp2: 75.7 deg/s, V = 522, P < 10 -5 ). ns.: not significant, *: P < 0.05, **: P < 0.01, ***: P < 0.001. . r values are correlation coefficients. b, Reorganization scores of grid cell pairs and HD cell pairs between conditions (vp1 and vp2, gray) or within condition (green). Grid cells significantly changing their map similarity or average firing rate between vp1 and vp2 trials showed no reorganization in their IFR association (top) or pairwise map similarity between conditions (bottom). ns.: not significant, *: P < 0.05, ***: P < 0.001. Plots show mean ± 95% confidence intervals.
